Mitochondrial large rRNA (mtlrRNA) and small rRNA (mtsrRNA) have been identi®ed as components of germinal granules in Drosophila. We have previously reported that mtlrRNA is present on the germinal granules in Xenopus embryos. Here we report that mtsrRNA is also a common component of the germinal granules. Extra-mitochondrial mtsrRNA is localized on the surface of germinal granules in germ plasm from four-cell to blastula stage, then disappears until the completion of gastrulation. This temporal and spatial distribution pattern is identical to that of mtlrRNA. During the stages when both mitochondrial rRNAs are present around the germinal granules, mitochondrialtype ribosomes, typi®ed by their smaller size, were also present on the surface of the germinal granules. q
Introduction
In many animals, the localized factors in egg cytoplasm play an essential role in the speci®cation of certain cell types in the early embryo (Davidson, 1986) . One of the most studied examples is the establishment of germline. In a variety of animal groups, the factors for germline formation are localized in a histologically distinct region of the egg cytoplasm known as germ plasm (Beams and Kessel, 1974; Eddy, 1975) . In Xenopus embryos, germ plasm assembles in the vegetal pole region of eggs (Blackler, 1958) . After fertilization, germ plasm is partitioned into four blastomeres by the ®rst two cleavage divisions. During the subsequent rounds of cell divisions that lead up to the blastula stage, germ plasm is segregated into only one of the two daughter cells (Whitington and Dixon, 1975) . After gastrulation, germ plasm is partitioned into the two daughters, such that the number of the germ plasm-bearing cells is increased (Whitington and Dixon, 1975) . These germ plasm-bearing cells subsequently migrate to the genital ridges to become primordial germ cells (Whitington and Dixon, 1975) . Cytoplasmic transplantation experiments in Rana and Xenopus have demonstrated that germ plasm contains the factors required and suf®cient for germ cell formation (Smith, 1966; Ikenishi et al., 1986) .
Early ultrastructural studies have shown that germ plasm is distinguished from other cytoplasm by the presence of electron-dense granules, such as germinal granules in the frogs and polar granules in Drosophila (Mahowald, 1962; Mahowald and Hennen, 1971; Czolowska, 1972; Ikenishi et al., 1974) . It has been proposed that these granules, which are morphologically similar between Xenopus and Drosophila, act as the repository for the factor(s) essential for germline formation. Some molecules localized in the granules are reported to be conserved between these animals (for review see Ikenishi, 1998) . One of these factors is mitochondrial large ribosomal RNA (mtlrRNA), which has been identi®ed as an essential factor for germline formation in Drosophila (Kobayashi and Okada, 1989) . In this animal, mtlrRNA is transported out of mitochondria and reaches the granules around oviposition. It remains on the granules until the formation of the germline progenitors, or pole cells (Kobayashi et al., 1993; Amikura et al., 1996) . We have reported that mitochondrial small ribosomal RNA (mtsrRNA) is also a component of the polar granules (Kashikawa et al., 1999) . Our recent work shows that both mtlrRNA and mtsrRNA form mitochondrial-type ribosomes on the polar granules, presumably to produce protein required for pole cell formation (Amikura et al., unpublished) .
Here, we report that mtsrRNA is also a common component of the germinal granules in Xenopus and Drosophila. In Xenopus, mtlrRNA is localized on the germinal granules from four-cell to blastula stage . The spatial and temporal distribution pattern of mtsrRNA in Xenopus embryos was indistinguishable from that of mtlrRNA. We further found that there were two types of ribosomes at the periphery of the germinal granules during the stages when both mitochondrial rRNAs are present on the granules. One type is identical in size to those found in the cytoplasm, whereas the other is smaller and may be regarded as a mitochondrial-type ribosome. Taken together, we propose that mitochondrial rRNAs play a conserved role to form mitochondrial-type ribosomes on the germinal granules in Xenopus and Drosophila embryos.
Results
The temporal and spatial distribution of mtsrRNA in Xenopus embryos was determined by whole-mount in situ hybridization for light microscopy. The method we used allows the detection of RNA only outside of mitochondria . From one-cell to two-cell stages, no mtsrRNA signal was detected in the vegetal pole region (Fig. 1A,D) . During the second cleavage division, the patches of mtsrRNA signal appeared in the vegetal pole region (Fig. 1B,E) . From eight-cell to blastula stage, the mtsrRNA signal remained detectable in the large patches (Fig. 1C ,F±H,J,K). No signal was detected at any stage from the control sense probe (Fig. 1I,L) .
From eight-cell to blastula stage, the average number of the mtsrRNA-positive patches in an embryo was 3.8 (no. of embryos counted 12. This number coincides well with that of the patches of germ plasm in these stages (Whitington and Dixon, 1975) . Germ plasm is also identi®ed by light microscopy as the patches of yolk-free cytoplasm in sections through the vegetal pole region of embryos (Whitington and Dixon, 1975) . To con®rm that mtsrRNA is enriched in germ plasm of the embryos, we hybridized mtsrRNA probe to sections of morula stage embryos. As expected, mtsrRNA signal was enriched in the patches of the yolk-free cytoplasm in the vegetal pole of the embryos ( Fig. 2A) . Based on these observations, we conclude that mtsrRNA is enriched in germ plasm.
During gastrulation, germ plasm-bearing cells are moved into the interior of the embryo by the morphogenetic movements (Whitington and Dixon, 1975) . To examine whether mtsrRNA is still enriched in the germ plasm at the gastrula stage, we performed in situ hybridization to sections of the . mtsrRNA is detected in the yolk-free perinuclear region of the blastomere marked by an arrow, but staining is not present in the cytoplasmic region of the cell marked by arrowhead. (C) An embryo at late gastrula stage (stage 12.5). mtsrRNA signal is undetectable in the yolk-free cytoplasm (arrowhead). The stages of embryos are according to Nieuwkoop and Faber (1967) . N, nucleus. Scale bar: 50 mm.
embryos. At the beginning of gastrulation, germ plasm is allocated around the nuclei of the cells situated near thē oor of the archenteron (Whitington and Dixon, 1975) . At this stage (stage 10), a weak mtsrRNA signal was detected in the germ plasm around the nuclei of the cells (Fig. 2B ). The number of cells with the mtsrRNA signal (2.2; no. of embryos counted 7 was less than that of the germ plasmbearing cells (8.7; Whitington and Dixon, 1975) , suggesting that mtsrRNA signal is detectable only in a part of germ plasm-bearing cells (Fig. 2B) . After the completion of gastrulation (stage 12.5), enrichment of mtsrRNA signal was no longer discernible in germ plasm (Fig. 2C) .
The above distribution pattern of mtsrRNA is identical to that of mtlrRNA. We have previously reported that mtlrRNA is localized on the germinal granules in the germ plasm of the embryos from the four-cell to blastula stages . Hence, we expected that mtsrRNA is also a component of the germinal granules during these stages. To test this idea, ultrastructural distribution of mtsrRNA in germ plasm was examined. We sectioned embryos for electron microscopy after wholemount in situ hybridization. In the four-cell and morula embryos, mtsrRNA signal was present on the surface of the germinal granules (Fig. 3B,C) , while the embryos hybridized with sense probe displayed no signi®cant signal on the granules (Fig. 3D) . For a control, we also observed the distribution of mtsrRNA in the two-cell embryos, but failed to detect any signal on the granules (Fig. 3A) .
The presence of both mtlrRNA and mtsrRNA on the germinal granules led us to speculate that these rRNAs constitute mitochondrial-type ribosomes at the periphery of the granules. Because mitochondrial ribosomes are known to be slightly smaller than those in the cytoplasm (Tzagoloff, 1982) , we measured the diameter of ribosomes that were associated with the germinal granules. During the period from four-cell to blastula stage, particles of ca. 19 and 15 nm in diameter were around the germinal granules in the sections stained with uranyl acetate and lead citrate (Fig. 4B,C) . In the germ plasm, there are glycogen granules, which are very similar in size and electron density to ribosomes (Mahowald and Hennen, 1971; Czolowska, 1972; Ikenishi et al., 1974) . To distinguish between ribosomes and glycogen granules, we stained sections only with uranyl acetate, because uranyl staining alone greatly enhance the contrast of ribosomes, but not glycogen granules (Revel, 1964) . In such sections, both 19-and 15-nmparticles remained visible around the germinal granules (Figs. 4F and 5E ). In addition, these particles were aligned serially to form a structure, which can be regarded as polysome (Fig. 5) . These ultrastructural data convincingly support the idea that 19-and 15-nm-particles are ribosomes. Fig. 3 . Subcellular distribution of mtsrRNA in germ plasm. Electron micrographs of sections through germ plasm of embryos at two-cell stage (A), four-cell stage (B) and morula stage (C). The embryos were hybridized with mtsrRNA antisense probe and were sectioned for electron microscopy. The electron dense granules marked by asterisks were present only in germ plasm and they are 0.2±0.9 mm in diameter. These features satis®ed the criteria of reported germinal granules (Czolowska, 1972; Ikenishi et al., 1974) . We therefore concluded that these electron dense granules are the germinal granules. Arrows in (B) and (C) point to the signal in the germinal granules. (D) Electron micrograph of germ plasm of four-cell stage embryo hybridized with mtsrRNA sense probe. mt shows mitochondrion. Scale bar: 500 nm.
In the sections stained with uranyl acetate and lead citrate, the larger ribosomes were also found in the cytoplasmic region outside the germ plasm, suggesting that they are cytoplasmic ribosomes (Fig. 4E) . In contrast, the smaller ribosomes were restricted to the germ plasm (Figs. 4B,C and 5B,C). Furthermore, the smaller ribosomes were undetectable around the granules at two-cell stage and after the completion of gastrulation (Figs. 4A,D and 5A,D) . Thus, the smaller ribosomes were detectable at the periphery of the germinal granules only when both mtlrRNA and mtsrRNA were present on the granules. The above observations suggest that the smaller ribosomes around the germinal granules are mitochondrial type.
Discussion
In this study, we report that mtsrRNA is a component of the germinal granules in Xenopus embryos. mtsrRNA is present on the granules from four-cell to blastula stage, and disappears from the granules until the completion of gastrulation. This distribution pattern of mtsrRNA is identical to that of mtlrRNA . We have previously reported in Drosophila that both mtlrRNA and mtsrRNA are localized on the polar granules during a short period from oviposition to pole cell formation (Kobayashi et al., 1993; Amikura et al., 1996; Kashikawa et al., 1999) . These observations clearly show that both mitochondrial rRNAs are common components of the germinal granules in these animal species.
Several lines of evidence from our ultrastructural analyses support the idea that mitochondrial rRNAs form mitochondrial-type ribosomes at the periphery of the germinal granules in Xenopus embryos. First, both mitochondrial rRNAs are localized on the germinal granules. Second, around the germinal granules are there ribosomes, whose size is smaller than that of cytoplasmic ribosomes. Unfortunately, we could not determine the size of the ribosomes within mitochondria under the condition we used for the ultrastructural study. Finally, the smaller ribosomes are Total number of the ribosomes counted was 166 (two-cell stage), 263 (four-cell stage), 194 (morula) and 220 (gastrula) in areas that were a total of 0.5 mm 2 within 100 nm from the germinal granules (A±D). As a control, we also measured the diameters of ribosomes (n 193) in a total area of 0.5 mm 2 , in the cytoplasmic region other than germ plasm at four-cell stage (E). (F) The diameters of ribosomes in the sections stained with uranyl acetate alone (n 214, total area examined 0:5 mm 2 ).
seen at the periphery of the germinal granules, only when the mitochondrial rRNAs are present on the granules. In Drosophila, we have recently found that mitochondrial rRNAs and ribosomal proteins form mitochondrial-type ribosomes on the surface of polar granules during the stages immediately prior to pole cell formation (Amikura et al., unpublished) . We propose that mitochondrial rRNAs are prevalent components of the translation machinery on the germinal granules in Drosophila and Xenopus. In Drosophila, polar granules have been regarded as the repository for the maternal mRNAs and the site for their translation (Mahowald, 1968 (Mahowald, , 1971 . It is noted that on the surface of polar granules, well-developed polysomes are observed at the stages prior to pole cell formation (Mahowald, 1968 (Mahowald, , 1971 . The mitochondrial-type ribosomes containing both mtlrRNA and mtsrRNA are integrated into the polysomes (Amikura et al., unpublished) . Considering that mtlrRNA is essential for pole cell formation (Iida and Kobayashi, 1998) , these polysomes may function to translate mRNAs encoding the protein(s) required for pole cell formation. In the frog, Rana pipiens, polysomes are observed at the periphery of the germinal granules during early embryogenesis (Mahowald and Hennen, 1971) . Similarly, we noted clusters of ribosomes associated with the germinal granules in Xenopus embryos (Fig. 5) . Our observation that some of the mitochondrial-type ribosomes are aligned serially from the surface of the germinal granules (Fig. 5B,C) suggests that they are integrated in the polysomes.
The smaller ribosomes and mitochondrial rRNAs are only transiently present on the germinal granules during the stages when the segregation of germline from somatic line occurs. In Xenopus, the segregation of germline takes place from four-cell to blastula stage. At cleavage mitosis during these stages, germ plasm is partitioned asymmetrically into only one of the two daughter cells (Whitington and Dixon, 1975) . Consequently, germ plasm-bearing cells (germline) are segregated from somatic cells. After the completion of gastrulation, germ plasm is distributed into the two daughter cells at mitosis, resulting in proliferation of germ plasmbearing cells (Whitington and Dixon, 1975) . In Drosophila, the segregation of germline from somatic line occurs only at pole cell formation, which is dependent upon mtlrRNA (Iida and Kobayashi, 1998) . We propose that mitochondrial rRNAs may play a key role in germline segregation.
Germ plasm appears phylogenetically in the sporadic animal species (Eddy, 1975) . This raises a question as to whether some components of germ plasm are still present in embryos lacking germ plasm. It has been reported that in sea urchin embryos, where there is no histological evidence for the presence of germ plasm or germinal granules, both extra-mitochondrial mtlrRNA and mtsrRNA are distributed asymmetrically in the egg cytoplasm (Ogawa et al., 1999) . Subsequently, these mitochondrial rRNAs are partitioned into micromeres in the 16-cell embryos and then into small micromeres in the 60-cell embryos. This observation clearly shows that the germ plasm components are present in sea urchin embryos in a form distinct from those integrated into electron-dense structures, such as the germinal granules. Thus, mitochondrial rRNAs may be involved in a variety of developmental events including germline development in many animal groups.
Experimental procedures

Probe
A 582 bp DNA fragment encompassing a portion of mtsrRNA gene was ampli®ed from X. laevis mitochondrial DNA by the polymerase chain reaction (PCR) using 5 H -CGGATCCGTCAAACTCCAACCAAGCTGT-3 H and 5 H -CGAATTCGTGTGTTTATAGACGTTGGTTG-3 H as a pair of primers. The fragment was inserted between BamHI and EcoRI sites of the vector pGEM-3 (Promega). Sense and antisense RNA probes were transcribed from the mtsrRNA fragment using a DIG RNA labeling kit (Boehringer Mannheim).
Whole-mount in situ hybridization for light microscopy
Albino embryos were used for in situ hybridization. Embryos were allowed to develop to the assigned stages at 238C. Collected embryos were dejellied in 2.5% cysteine±HCl solution (pH 8.0) and washed several times. Just before the ®xation, the vitelline membranes were removed using a pair of forceps. In situ hybridization to whole-mount embryos was carried out according to the method by Kobayashi et al. (1998) .
In situ hybridization to sectioned embryos
Embryos were ®xed in MEMFA (100 mM MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde) for 1.5±2 h at room temperature. The ®xed materials were embedded in paraf®n wax. Sections (7 mm thick) were cut and placed on silane-coated slides. Dewaxed and rehydrated sections were post®xed in 4% paraformaldehyde/PBS and acetylated by 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0). Prehybridization was performed in HS (50% formamide, 5£ SSC, 1 mg/ml tRNA, 100 mg/ml sonicated salmon sperm DNA, 1£ Denhardt's, 5 mM EDTA, 0.1% CHAPS, 50 mg/ml heparin, 0.1% Tween-20) for 1 h at 608C. Samples were then incubated for hybridization in HS containing 3 mg/ml DIG-labeled RNA probe for 12 h at 608C. Samples were treated with 20 mg/ml RNase A in TNE (10 mM Tris-HCl (pH 7.5), 500 mM NaCl, 1 mM EDTA) at 378C for 20 min and incubate with alkaline-phosphatase-conjugated anti-DIG (Boehringer Mannheim) diluted 1:1000 in PBS at room temperature for 1 h. The signal was detected with 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)/4-nitroblue tetrazolium chloride (NBT) substrates (Boehringer Mannheim).
In situ hybridization for electron microscopy
In situ hybridization for electron microscopy was carried out according to the method by Kobayashi et al. (1998) with minor changes. First, in situ hybridization to whole-mount embryos was carried out using a 1 nm gold-conjugated anti-DIG antibody (1:200, BioCell) instead of an alkaline phosphatase-conjugated anti-DIG antibody. To intensify the signal, the embryos were incubated in a silver-enhancing solution (BioCell) for 10±20 min. Then, the embryos were post®xed in 1% OsO 4 for 1 h and embedded in epoxy resin according to Spurr (1969) . Ultrathin sections were cut using an ultramicrotome (LKB). The sections were stained with uranyl acetate and lead citrate and observed under a JEM-2000EXII (JEOL) microscope.
Examination of the diameter of ribosomes
Albino embryos were ®xed in 4% glutaraldehyde in 0.1 M cacodylate buffer for 2±12 h at room temperature. The embryos were post®xed in 1% OsO 4 for 1 h and embedded in epoxy resin according to Spurr (1969) . Ultrathin sections were stained with uranyl acetate and lead citrate or uranyl acetate alone, and observed under a JEM-2000EXII (JEOL) microscope. Three or four blocks from each individual were sectioned. One or two germinal granules were examined for the diameter of ribosomes on each section. The diameter of ribosomes was estimated as the average of a longer diameter and a shorter one.
